Melanoma is the cancer with the highest increase in incidence, and transformation of radial growth to vertical growth (i.e., noninvasive to invasive) melanoma is required for invasive disease and metastasis. We have previously shown that p42/p44 MAP kinase is activated in radial growth melanoma, suggesting that further signaling events are required for vertical growth melanoma. The molecular events that accompany this transformation are not well understood. Akt, a signaling molecule downstream of PI3K, was introduced into the radial growth WM35 melanoma in order to test whether Akt overexpression is sufficient to accomplish this transformation. Overexpression of Akt led to upregulation of VEGF, increased production of superoxide ROS, and the switch to a more pronounced glycolytic metabolism. Subcutaneous implantation of WM35 cells overexpressing Akt led to rapidly growing tumors in vivo, while vector control cells did not form tumors. We demonstrated that Akt was associated with malignant transformation of melanoma through at least 2 mechanisms. First, Akt may stabilize cells with extensive mitochondrial DNA mutation, which can generate ROS. Second, Akt can induce expression of the ROS-generating enzyme NOX4. Akt thus serves as a molecular switch that increases angiogenesis and the generation of superoxide, fostering more aggressive tumor behavior. Targeting Akt and ROS may be of therapeutic importance in treatment of advanced melanoma. Nonstandard abbreviations used: CAT, catalase; COII, cytochrome oxidase II; mtDNA, mitochondrial DNA; ND, NADH dehydrogenase; TGCE, temperature gradient capillary electrophoresis.
Introduction
Melanoma is a common skin cancer resulting in high morbidity and mortality. Melanomas are neural crest-derived malignancies, many of which arise in precursor lesions termed atypical nevi. A fraction of atypical nevi undergo further malignant change into radial growth melanoma, named for its superficial spreading growth characteristics. Radial growth melanomas undergo further genetic change, acquiring invasive, angiogenic, and metastatic capabilities, leading to recurrence, distant metastases, and death. Once melanoma has spread beyond its original location, it is usually highly resistant to chemotherapy and radiation. Thus, an improved understanding of the signaling mechanisms that contribute to invasive growth is required.
Several genes have been implicated in the development of melanoma. The most common gene involved in familial melanoma is p16 ink4a , which has been implicated in at least one-third of familial melanomas. In addition, loss of p16 ink4a through deletion, mutation, or promoter methylation is a common event in sporadic melanoma. More recently, B-raf has been implicated in both melanomas and atypical nevi, with a very high frequency of activating V599 lesions in both melanomas and nevi. We have previously demonstrated that activation of MAP kinase occurs in early melanoma, but not benign nevi, and that constitutive activation of MAP kinase signaling leads to malignant transformation of melanocytes but not to a very aggressive phenotype (1, 2) . These findings suggest that other signaling pathways must be required for the transformation of radial growth (i.e., noninvasive) melanoma to vertical growth (i.e., invasive) melanoma. Akt is a prime candidate for a second signaling pathway that can cause aggressive growth in melanoma: (a) it confers resistance to a number of apoptotic stimuli, including Fas ligand and tumor necrosis factor apoptosis-inducing ligands (3) (4) (5) ; (b) it inactivates several potential tumor suppressor genes, including tuberin and the forkhead family of transcription factors (6, 7) ; (c) it is expressed in advanced human melanomas (8) ; and (d) the genetics of melanoma suggests a functional role of Akt in melanoma pathogenesis. The most commonly mutated oncogenes in melanoma are B-raf and N-ras (9) (10) (11) (12) . B-raf alone is incapable of activating Akt, while N-ras can. Thus, melanomas that have mutant B-raf often exhibit loss of PTEN, a negative regulator of Akt, allowing Akt activation in advanced lesions (13) (14) (15) (16) . In this study, we demonstrated that Akt expression allowed aggressive tumor growth of human cells in vivo.
ROS have been found in a large number of tumor types (17, 18) . While exposure of primary cells to ROS results in senescence, ROS may serve as a signaling mechanism in tumor cells to pro-mote angiogenesis, mitogenesis, and resistance to apoptosis (19) (20) (21) (22) (23) . Introduction of oncogenes into immortalized cells has been demonstrated to increase ROS within cells, and ROS-generating genes such as NOX family members have been shown to contribute to tumorigenesis and angiogenesis in vivo (24) (25) (26) (27) (28) . PI3K activation has been associated with transformation of mel-anoma (29) ; however, despite a plethora of downstream effectors that may be involved, the mechanisms whereby PI3K mediates its oncogenic effects have not been fully elucidated. Here we demonstrated that the introduction of a single gene, Akt, into radial growth melanoma cells was sufficient to cause vertical growth in vivo. We further demonstrated that Akt induced genes associated with resistance to ROS, including Sirt1 and rictor, and activation of the AP-1 subunit JunD. Akt thus serves as a prominent pharmacologic target in the treatment of melanoma and other malignancies.
Results
Stable WM35 cells overexpressing Akt (WM35 PKB DD ) exhibited a highly significant increase in intracellular superoxide ( Figure 1A ). As WM35 cells overexpressing Akt had increased levels of ROS, and because we have previously shown that ROS 
Figure 2
Akt causes vertical growth melanoma in vivo. (A) Parental WM35 cells, pooled Akt-transduced WM35 cells prior to implantation in vivo (WM35 PKB and WM35 PKB DD ), and cells derived from tumors of mice injected with WM35 PKB cells (tum1-tum3) were examined for expression of phosphorylated Akt (p-Akt). The experiment was performed in triplicate. (B) Representative Western blot of phosphorylated Akt and α-tubulin; overexpression converted radial growth melanoma to vertical growth melanoma. (C and D) Mice (n = 4 per group) were injected with either vector control or Akt-expressing melanoma cells and were observed at 1 month. (E) Immunohistochemistry for VEGF. A high level of VEGF expression was noted, especially surrounding necrotic areas. (F) Smooth muscle actin immunohistochemistry, demonstrating that tumors were highly angiogenic. Note the invasion of tumor cells into vessel at the image's center. Original magnification, ×100.
upregulates VEGF and tumorigenesis, we compared production of VEGF in Akt-overexpressing and parental WM35 cells. In vitro growth of WM35 cells in the presence or absence of Akt was not significantly different (data not shown). Akt overexpression led to a nearly 8-fold increase in VEGF mRNA expression ( Figure 1B ). Increased expression of VEGF protein was observed in Akt-overexpressing WM35 cells ( Figure 1C ). A high level of phosphorylated Akt expression was observed in WM35 cells transduced with Akt and in tumors derived from mice injected with WM35 PKB cells ( Figure 2 , A and B). Implantation of Aktoverexpressing WM35 into nude mice led to the development of tumors, whereas no tumor induction was observed in vector-transfected WM35 cells ( Figure 2 , C and D). Akt-overexpressing WM35 tumors showed high levels of VEGF expression, particularly around the necrotic areas ( Figure 2E ), and smooth muscle actin immunohistochemistry demonstrated that these tumors were highly angiogenic ( Figure 2F ). In order to assess the mechanism of induction of ROS generation, we examined several of its potential sources. Several ROS-generating enzymes have been cloned and constitute the NOX family of enzymes. Increased expression of NOX genes has been previously shown to cause generation of ROS (28) . In Akt-transformed WM35 PKB DD cells, which were cultured for long periods of time (approximately 6 months), RT-PCR revealed no elevation of the mRNAs encoding the NOX family genes (NOX1-NOX5), suggesting that upregulation of NOX genes is unlikely to account for the increased ROS observed in Akt-transformed cells. In contrast, WM35 PKB cells, which were in culture after Akt transfection for shorter periods of time (1-2 months) showed marked induction of NOX4, demonstrating at least 2 potential mechanisms that could contribute to the transforming effects of Akt ( Figure 3 ). Implantation of Akt-overexpressing WM35 into nude mice led to the development of tumors, whereas no tumor induction was observed in vector-transfected WM35 cells ( Figure 2 , C and D). Thus, Akt overexpression is sufficient to transform WM35 radial growth melanoma cells to highly invasive tumors in vivo. The AP-1 subunit composition of aggressive melanoma has previously been noted to differ from nonagressive melanoma in that JunD is highly expressed in the former (30, 31) . We examined activation of JunD prior to and after Akt-mediated transformation. A dramatic and consistent elevation of phosphorylated JunD was noted in Aktderived tumors compared with cells prior to transformation and implantation ( Figure 4A ). A high level of JunD expression may sensitize melanoma cells to alternative forms of apoptosis, such as activating transcription factor 2 (ATF2) antagonists (31) .
Melanoma cells have demonstrated resistance to multiple insults, including oxidative stress. We examined a spontaneous human melanoma cell line, A375, in the presence of a specific Akt inhibitor. Treatment of this spontaneous melanoma with the Akt inhibitor resulted in significant decreases in 3 genes that may account for this resistance. Sirt1 is a deacetylase that attenuates p53 in the presence of oxidative stress; rictor is a rapamycin-insensitive member of the mammalian target of rapamycin complex; and VEGF is likely the major angiogenic factor in melanoma. Inhibition of Akt led to significant and reproducible decreases in the mRNA levels of all 3 genes (Figure 4 , B-D).
Highly malignant tumor cells have been demonstrated to possess both high levels of ROS and altered bioenergetics (17, 18) .
Figure 3
Transfection of Akt induces NOX4 expression in melanoma cells. Levels of NOX4 in each sample were normalized to 18S RNA. Data represent a sample set of 5. In 2 separate experiments, NOX4 was observed in the WM35 PKB cells and not in the WM35 cells. A 1.5% agarose gel was run after PCR, and single bands for NOX4 and for 18S were observed (not shown). Because we saw no source for extramitochondrial ROS generation in those cells cultured for long periods of time, cells were examined for mitochondrial bioenergetic function and for the presence of mitochondrial DNA mutation. Mitochondrial dysfunction, notably in complex I, has previously been associated with generation of ROS (32) (33) (34) (35) . Complex I activity was markedly decreased in Akt-transformed cells compared with parental radial growth melanoma cells (4 units versus 160 units). Consistent with diminished activity of the mitochondrial respiratory complex, which could hamper the bioenergetic function of mitochondria in active Akt-expressing cells, we observed significantly augmented glycolysis rates in WM35 PKB DD cells compared with parental WM35 cells ( Figure 5A ). In agreement with these results, the expression of active Akt in the cells promoted a doubling in the expression of the glycolytic marker GAPDH ( Figure 5B ) without significantly affecting the expression of other bioenergetic markers of the mitochondria. As a result of these changes, the bioenergetic cellular index of melanoma cells expressing active Akt showed a 50% decrease compared with parental WM35 cells ( Figure 5C ). Overall, these results indicate that expression of active Akt impairs the bioenergetic function of mitochondria, at least at the level of complex I activity, with concurrent generation of ROS and activation of glycolytic metabolism in order to cope with the energetic demand required for cellular proliferation.
Figure 4
Temperature gradient capillary electrophoresis (TGCE) analysis of WM35 and WM35 PKB DD mixed heteroduplexes showed a high degree of mutation compared with the homoduplexes formed from unmixed samples of either cell line ( Figure 6 ). The broad spectrum of changes apparent from the electropherogram tracings, as well as those identified by the mutation detection software, necessitated complete sequence analysis in order to accurately characterize the nucleotide changes. For example, in amplicon 1 as shown in Figure 6 (consisting of 440 bp of noncoding D-loop sequence), sequence analysis identified 4 single nucleotide changes, all of which were transitions, between WM35 and WM35 PKB DD cell lines. Complete sequence analysis of the entire mitochondrial DNA (mtDNA) of WM35 and WM35 PKB DD identified 85 total single nucleotide changes that affected a total of 66 codons (Table 1) . These nucleotide changes resulted in a total of 50 amino acid changes between WM35 and WM35 PKB DD cells. These mutations were not randomly distributed throughout the mitochondrial 
Figure 6
Amplicon 1 TGCE electropherogram tracings for WM35 cells, WM35 PKB cells, and the mixed sample. Amplicon 1 (spanning mitochondrial positions 16278-148) is a 440-bp fragment that was one of 3 from the 17 total amplicons not subjected to restriction endonuclease treatment, yielding a single peak upon TGCE analysis, as shown for both the WM35 and the WM35 PKB homoduplexes. The mixed sample, however, consisted of a characteristic double peak, suggestive of nucleotide differences between the 2 samples that led to the formation of both homoduplex and heteroduplex species that were resolved from one another in this assay.
genome, but rather largely clustered, especially within complex I coding genes. Complex I genes were the targets of 57 of the 85 total nucleotide changes and 38 of the 50 total amino acid substitutions. Complex IV also experienced a high mutation rate, with 13 nucleotide changes and 9 amino acid substitutions occurring within cytochrome oxidase II (COII). Complete characterizations of the nucleotide differences between WM35 and WM35 PKB DD cells are provided in Table 2 and Supplemental Table 1 (available online with this article; doi:10.1172/JCI30102DS1).
We had not expected to identify such a high number of nucleotide changes, particularly nonsynonymous changes, between the 2 lineages differing only in the active expression of Akt. Therefore, it was desirable to further characterize these amino acid substitutions and determine their position within the overall 3-dimensional structure and their incorporation into specific protein domains or motifs ( Table 2 ). Of the 50 nonsynonymous nucleotide changes, 19 involved amino acids that exhibit a low level of evolutionary conservation, and 11 of the 19 also reside in transmembrane domains and/or low-complexity protein sequence regions. These residues are not likely to be critical to the catalytic functioning of their respective mtDNA genes. An additional 13 amino acid substitutions were at positions that are generally conserved in mammals (and minimally in both mice and humans); 9 of these were in transmembrane domains and/or low-complexity sequence regions, again suggesting that the amino acid is subject to alteration with minimal functional defect. Finally, 18 amino acid changes occurred in extremely highly conserved positions, although a large proportion of them reside in transmembrane domains and/or low-complexity sequence regions (35) . It is interesting to note that 11 amino acids were completely conserved among all species examined (indicating that they may be important to the protein's structure and/or function), but they were altered between WM35 and WM35 PKB DD . All of these occurred within complex I genes, with 8 in NADH dehydrogenase subunit 2 (ND2) and 3 in ND5. These results indicate that the active expression of Akt within melanoma cells may lead to critical mutations within mitochondrially encoded complex I genes that affect the overall bioenergetic function of the organelle.
In order to determine whether mtDNA mutation is a frequent event in melanoma, we analyzed mtDNA from samples of 13 normal melanocytes, 7 melanomas, and 16 melanoma cell lines. In addition, we transfected the PKB DD construct into WM35 cells, selected them, and injected them into mice after minimal time in tissue culture. We did not observe a significant amount of mtDNA mutation in any of these samples, suggesting that Akt can trans-form radial growth melanoma cells in the presence or absence of extensive mtDNA mutation. Consistent with these findings from human specimens, when radial growth WM35 cells were transfected with the same Akt construct as in our initial study, extensive mtDNA mutations were not observed (data not shown). NOX4 was induced by Akt transfection, but induction of ROS in vitro was not observed (data not shown). A model accounting for both events is shown in Figure 7 .
Discussion
Melanoma is a common cancer that in its advanced stages is resistant to most forms of chemotherapy and radiation. Melanoma progresses from an early, surgically curable stage, known as radial growth melanoma, to the invasive vertical growth melanoma. The precise biochemical changes that accompany this transition are not fully understood, but several genes have been shown to be upregulated or downregulated during this transition. Markers of angiogenesis, such as VEGF and matrix metalloproteinases, are upregulated in vertical growth melanoma, and the small G protein rho C is associated with metastatic growth of melanoma (29, 36) . Integrins such as α v β 3 and α v β 5 are seen more commonly in advanced melanoma and may function in part by activating PI3K signaling in the tumor cells in response to extracellular matrix and tumor stromal cells (36, 37) . NF-κB signaling is elevated in aggressive melanoma cells (38) , while AP-1 subunits undergo changes in composition from c-jun/ATF2, predominating in early melanoma, to JunD in vertical growth melanoma (31, 39) . Interestingly, high levels of activated (i.e., phosphorylated) JunD were observed in triplicate tumor-derived specimens in the present study, suggesting that JunD may be a direct target of Akt activation (31, 39) . Normal cells respond to ROS stress by inducing p53 activity. In tumor cells that use ROS signaling, p53 activation must be diminished to allow further cell replication. One potential mechanism is through Sirt1 activation, which causes deacetylation and inactivation of p53 (40, 41) . We demonstrated that Sirt1 mRNA was present in A375 human melanoma cells and was downregulated through specific Akt inhibition, implicating Sirt1 as a downstream target of Akt. However, the precise mechanism converting the radial growth phenotype to the vertical growth phenotype is unknown.
Otto Warburg first observed that tumor cells exhibit a predominantly glycolytic phenotype (42) , and Akt has recently been shown to be capable of causing the switch to the glycolytic phenotype (43) . We recently developed a bioenergetic index to quantify the switch to glycolytic metabolism in tumor biopsies and in archival, paraffinized sections of human tumors that illustrates the Table 1 Summary of nucleotide differences between WM35 and WM35 PKB cells A total of 66 codons were impacted. "-" denotes no possible amino acid change because the gene does not encode a protein.
MT-DLOOP MT-ND1 MT-ND2 MT-CO1 MT-CO2 MT-ATP6 MT-ND4 MT-TS2 MT-ND5 MT-ND6 MT-CYB Total

Table 2
Nucleotide differences between WM35 and WM35 PKB cells glycolytic phenotype of lung, colon, kidney, breast, esophageal, and gastric cancers (44) (45) (46) . The switch to the glycolytic phenotype has been correlated with poor clinical outcome in human solid tumors of the colon and lung (45, 46) . In Akt-transduced melanoma cells, we observed a mitochondrial dysfunction with concurrent upregulation of ROS production and flux of glycolysis, a situation known to affect the cellular sensitivity to apoptosis (47) . Recent findings showed that cells that undergo glycolytic metabolism have increased production of ROS, including superoxide and hydrogen peroxide (48) . ROS can be generated through activation of the cytochrome b558 complex, which is activated by membrane localization or amplification of NOX family genes (49, 50) . Introduction of Akt into radial growth melanoma cells resulted in a marked increase in intracellular ROS. We found that Akt can increase ROS through 2 mechanisms: induction of the ROS-generating enzyme NOX4 and mtDNA mutation (Figure 7) . One possibility is that sustained generation of low levels of ROS may cause mtDNA mutations in addition to genomic instability (50) and that the presence of Akt stabilizes cells that develop mtDNA mutations. Cells with induction of NOX4 did not show the same level of mtDNA mutation as did cells lacking NOX4 induction. The generation of ROS in respiration-deficient cells likely occurs at complex I (51, 52). As we have demonstrated herein, complex I activity and the mitochondrial encoded genes of this protein complex were the likely targets that impaired the normal bioenergetic function of mitochondria in Akt-transduced cells, therefore promoting their expected metabolic switch to glycolysis as the preferred energy pathway. Previous studies have shown that neoplastic behavior in cells is associated with changes in mtDNA (50) . In order to determine whether mtDNA mutations represent a necessary process in the alteration of the neoplastic phenotype, we generated new cell lines by transfecting in the pKBDD vector expressing Akt and selecting for new clones resistant to puromycin. The new clones were tested for their ability to form invasive tumors in nude mice and, indeed, they displayed the same behavioral alterations of vertical growth and the formation of large tumors as did the parental cell line WM35. We performed phenotypic studies and genotype analysis on these new clones at a low passage number. We also sought to minimize the time the clones were cultured after transformation with pKB. The ND1 and ND5 genes within the mtDNA, which were shown in our initial study to represent mutational hot spots, were amplified by PCR and sequenced.
In strong contrast to the initial studies that were carried out in cells extensively cultured after Akt transfection, the low-passage cell lines and primary clinical samples contained no acquired mtDNA changes in ND1 or ND5. Our interpretation of this finding is that the mtDNA mutations are not sufficient to support the alteration in growth seen in WM35 cells overexpressing Akt. The accrual of mtDNA mutations in the high-passage cell lines was the likely result of prolonged Akt expression, which led to increased production of ROS. This ROS imparted damage to the mtDNA in a nonrandom distribution, which likely further subjected the high-passage cells to increased oxidative stress. We conclude that although the mtDNA mutations did occur nonrandomly in the mtDNA of high-passage WM35 PKB cells, the presence of these mutations (in at least 2 of the complex I genes) was not essential for the aggressive growth phenotype, but rather was a reflection of prolonged exposure to increased oxidative stress that accumulates with prolonged Akt overexpression. Of interest, high levels of ROS were not observed in melanoma cells in which Akt had induced NOX4 in vitro. A possible reason for this observation is that in vivo growth may be necessary for maximal induction of ROS by NOX4; notably, NOX4 alone failed to transform immortalized cells in previous studies (53) , implying the existence of additional factors.
The survival advantage conferred to a tumor cell by a glycolytic metabolism is not fully understood, especially since ATP generation is markedly inefficient compared with respiration. We propose that glycolytic metabolism provides a survival mechanism for tumor cells through the activation of ROS-NF-κB signaling and the prevention of apoptosis. In primary cells, ROS causes cell senescence and apoptosis. This senescence is caused in part by induction of p16 ink4a , and hypermethylation of p16 ink4a occurs commonly in tumors induced by oxidative stress (54, 55) . Further events are required to prevent apoptosis caused by ROS, such as inactivation of caspase-9/apoptotic protease-activating factor (caspase-9/Apaf) signaling, and genes in this cascade can be inactivated either functionally or epigenetically (56, 57) . Caspase-9/Apaf-1mediated apoptosis requires ATP, and decreased production of ATP as a result of glycolytic metabolism may by itself provide a survival advantage in cells that generate high levels of superoxide. Apaf-1 is hypermethylated in advanced melanoma, and caspase-9 is inactivated by Akt phosphorylation (56) (57) (58) . In addition, recent findings indicate that Akt is required to inhibit apoptosis by mediating the maintenance of the glycolytic hexokinase bound to the mitochondria, thus preventing the release of cytochrome c and the execution of apoptosis (3, 59) . Therefore, tumor cells (such as those found in melanoma) have defenses against senescence and apoptosis and can use ROS and a glycolytic phenotype as signaling mechanism and cell-defense devices. Recently, coexpression of hypoxia-inducible factor 1 and Akt in murine melanocytes was found to cause transformation to melanoma that was highly sensitive to rapamycin (60) . Unfortunately, rapamycin analogs were not found to be active against melanoma in a human clinical trial (61) . Thus, Akt likely uses other signaling pathways in human melanoma. One potential mechanism of rapamycin resistance in melanoma is through the involvement of rictor, a component of the mTOR complex that is relatively resistant to rapamcyin compared with the raptor complex. A375, a highly tumorigenic spontaneous
Figure 7
Schematic of the 2 mechanisms by which Akt may transform cells. Akt may prevent cells that already have mtDNA mutations from undergoing apoptosis or senescence due to ROS. Akt may also induce NOX4, which may increase the cells' ability to generate ROS in vivo. Both mechanisms of ROS, in the presence of Akt, may lead to NF-κB activation and resistance to apoptosis. melanoma cell line, expresses high levels of rictor mRNA. Treatment with an Akt inhibitor resulted in reduction of rictor levels, suggesting that melanoma may be rapamycin resistant, at least in part, because of high rictor expression. High expression of Sirt1 and rictor (62) may be adaptations that tumor cells make in order to survive high ROS expression, and Akt may be the immediate regulator of these proteins. We demonstrated that Akt induced ROS in human melanoma and was likely a major mechanism of Akt-induced oncogenesis in human melanoma. Manipulations that result in increased respiration, either through inhibition of Akt or by inducing synthesis of respiratory enzymes, may have therapeutic benefit in melanoma treatment.
Methods
Cell lines and protein extraction
WM35 radial growth phase melanoma cells were transfected with 40 μg of the plasmid pBABE puro or pBABE PKB DD , which encodes and expresses active Akt in the presence of 40 μl Superfect transfection reagent (Qiagen) in 2 ml complete serumless media (Cellgro; Mediatech Inc.). Both vectors encode puromycin resistance, and cells were selected in 2 μg/ml puromycin and pooled to avoid clonal variation. Expression of the gene was confirmed by Western blot analysis with an antibody specific to phosphorylated Akt. A stable clone of WM35 overexpressing Akt, WM35 PKB DD , was also studied. Cells were grown in RPMI 1640 (Invitrogen) supplemented with a mixture containing 400 μM each of the amino acids (63) alanine, asparagine, aspartic acid, glutamic acid, and proline (Merck) as well as 1 mM glutamine (EMD) plus 10% FCS (Biological Industries) and 0.6% penicillin and 1% streptomycin (Sigma-Aldrich) in 7% CO2 atmosphere (64) . Cells were recovered from the plates by trypsin treatment and washed twice with PBS. The recovered cells were lysed in a buffer containing 5 mM Tris-HCl (pH 8.0), 0.5% Triton X-100, 20 mM EDTA, 1 μg/ml pepstatin, and 1 μg/ml leupeptin at 4°C for 10 minutes. After protein extraction, the samples were centrifuged (15,000 g) at 4°C for 5 minutes. The proteins from tumor tissues were obtained by homogenizing the tissue sample in the lysis buffer described above and centrifuging at 2,000 g for 10 minutes at 4°C. The supernatant-containing protein lysate was removed from the tube and used for Western blot analysis. The protein concentration in the supernatants was determined with the Bradford reagent (Bio-Rad Protein Assay) using BSA as standard. Aliquots of the supernatants were stored at -80°C until used. Complex I activity determination was performed as previously described (65) . Primary cells from the Cardinal Bernardin Cancer Center at Loyola University were maintained as previously described (66) . The A375 human melanoma cell line, obtained from the ATCC, was grown in DMEM with 4 mM l-glutamine adjusted to contain 90% 1.5 g/l sodium bicarbonate and 4.5 g/l glucose and 10% fetal bovine serum at 37°C.
Western blotting
Cellular proteins (10 or 15 μg protein) were fractionated on 10% SDS-PAGE and then transferred onto PVDF membranes (Millipore). Western blotting of the membranes was performed essentially as described previously (29) using the appropriate dilution of various antisera. The antibodies used in this study included anti-β-F1-ATPase (diluted 1:20,000; ref. 46 ), monoclonal anti-Hsp60 (diluted 1:2,000; SPA 807; Stressgene), polyclonal antibody to JunD (diluted 1:1,000; ab5799; Abcam), polyclonal antibody to phosphorylated JunD (phospho-S255, diluted 1:1,000; ab30631; Abcam), antibody to phosphorylated Akt (phospho-AktS473, diluted 1:1,000; 4058; Cell signaling), monoclonal anti-α-tubulin (diluted 1:2,000; Sigma-Aldrich), and monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (diluted 1:10,000; Abcam). Secondary horseradish peroxidase-conju-gated goat anti-rabbit or anti-mouse antibody (diluted 1:3,000) was used for detection, which was accomplished using an enhanced chemiluminescence detection method (Amersham Biosciences). Quantification of immunoreactive band intensity (in AU) was accomplished using a Kodak DC120 Zoom digital camera and the Quantity One software package (version 4.3.1; Bio-Rad). In order to calculate the cellular expression level of the markers, the band intensity of β-F1-ATPase, Hsp60, and GAPDH was divided by the band intensity of α-tubulin. The β-F1-ATPase/Hsp60 ratio and bioenergetic cellular index (calculated as β-F1-ATPase/Hsp60/GAPDH; ref. 45 ) were also determined.
Quantitative RT-PCR
Primers for human VEGF were used for real-time RT-PCR as described by Arbiser et al. (28) . Quantitative RT-PCR was performed to determine NOX4 levels using primers specific for human NOX4 or for 18S as follows: NOX4 forward, 5'-GTATGTTGCATAACAAGTTTTGG-3'; reverse, 5'-TCAGCTGAAAGACTCTTTATTGT-3'; 18S forward, 5'-GAGTATGGTT-GCAAAGCTGAAAC-3'; reverse, 5'-CCAGACAAATCGCTCCACCAAC-3'. cDNA was obtained from RNA by reverse transcription using Advantage RT for PCR according to the manufacturer's instructions (Clontech). PCR reaction was as follows: 7.3 μl cDNA, 0.1 μl 10 mM forward NOX4 or 18S primer, 0.1 μl 10 mM reverse NOX4 or 18S primer, and 7.5 μl SYBR Green PCR Master Mix (Applied Biosystems). The PCR reaction included an initial cycle of 95°C for 10 minutes, followed by 45 cycles of 95°C for 30 seconds, 56°C for 30 seconds, and 72°C for 30 seconds. Results are reported relative to the mean starting quantities of NOX4 normalized to 18S. The propagation of error was calculated using the following formula:
Equation 1
where x represents mean NOX4, y represents mean 18S, and s represents standard deviation. Quantitative PCR for VEGF, Sirt1, and rictor was performed using Taqman Gene Expression Assays (Applied Biosystems). For the reaction, 96-well Optical Reaction Plate (ABI PRISM, no. 128; Applied Biosystems) was used. A measure of 2.5 l of template diluted 1:10 in crosslinked water was used in each well, and the experiment was performed in triplicate. VEGF(hs00173626_m1), Sirt1(HS00202021_m1), rictor(AVO3, hs01561908_m1), and corrected for 18S (Hs99999901_s1, Taqman Gene Expression Assay; Applied Biosystems) primers were used along with crosslinked molecular-grade water (Cellgro; Mediatech Inc.) and master mix (TaqMan Fast Universal PCR Master Mix; Applied Biosystems; ref. 2). The reaction was run on the 7900 Applied Biosystems Reader for Absolute Quantification for 96-well plates. Threshold cycle (Ct) values were analyzed by the Ct method, and mean and SEM were calculated.
Determination of glycolysis
Cells were seeded and allowed to grow until reaching 60% confluence in supplemented RPMI 1640 media. In order to determine the rates of glycolysis, the cells were preincubated for 30 minutes with 6 μM oligomycin. After replacing the culture medium supplemented with the inhibitor of the mitochondrial H + -ATP synthase, a 0.1-ml aliquot of the media was taken after 2 hours of incubation. The collected samples were precipitated in 6% perchloric acid, neutralized, and used for the enzymatic determination of lactate as described previously (66) .
Dichlorofluorescein diacetate and dihydroethidium assays
Cells were allowed to grow until reaching 80% confluency. Cells were washed once with 5 ml HBSS and digested with 0.5 ml 0.25% trypsin in 2.7 mM EDTA for 2 minutes at room temperature followed by the addition of DMEM without phenol red. Cells were dislodged from the plate by gentle pipetting and transferred to eppendorf tubes. Cells were pelleted in a Hermle Z18M tabletop centrifuge at 300 g for 2 minutes. The media was gently removed from the pellet by pipetting, and cells were resuspended in 1 ml DMEM without phenol red and divided into 2 0.5-ml aliquots. In the first aliquot, 0.5 ml of 4 μM dichlorofluorescein diacetate in DMEM (without phenol red) was added for a final dichlorofluorescein diacetate concentration of 2 μM, and the cells were incubated in the dark on a rotating wheel at room temperature for 45 minutes. In the second aliquot, 0.5 ml of 20 μM dihydroethidium in DMEM (without phenol red) was added for a final dihydroethidium concentration of 10 μM, and the cells were incubated at room temperature in the dark for 30 minutes. Cells were then immediately transferred to ice and analyzed on a flow cytometer (BD Biosciences).
Superoxide dismutase assays
Cells were washed 3 times in PBS (pH 7.0) plus 2.7 mM KCl, 1.5 mM KH2PO4, 8 mM NaHPO4, and 136.9 mM NaCl, scraped from the dishes, and centrifuged at 82 g for 5 minutes. The supernatant was discarded, and the pellet was resuspended in 50 mM PBS (pH 7.8). Cells were sonicated 3 times at 28% amplitude, 30 seconds each time on ice using a Vibra Cell Sonicator with a cup horn (Sonics and Materials Inc.). Protein concentrations were measured by the Bradford method (Bio-Rad; ref. 67 ) and standardized with BSA. The protein concentrations for the glutathione assay were based on the method described by Lowry (68) .
Western blots were performed according to the method described by Laemmli (69) . Total cellular proteins were electrophoresed in a 12.5% SDS polyacrylamide gel for MnSOD and CuZnSOD and 8% SDS polyacrylamide gel for catalase (CAT). Proteins were transferred onto nitrocellulose membranes (Whatman Schleicher & Schuell), blocked in 5% dry milk in TTBS (0.01 M Tris, 0.15 M NaCl buffer, pH 8.0, and 0.1% Tween 20) at room temperature for 1 hour. After washing 3 times with TTBS, the membrane was incubated with primary antibody (diluted 1:1,000) in TTBS at room temperature for 1 hour for MnSOD, CuZnSOD or overnight at 4°C for CAT. After washing the membrane 3 times with TTBS, the blots were incubated with goat anti-rabbit IgG conjugated with horseradish peroxidase diluted 1:10,000 in TTBS for 1 hour. After incubating the membrane in TTBS for 40 minutes, the washed blot was treated with chemiluminescence (ECL Plus) Western blot detection solution (Amersham Biosciences) and exposed to X-ray film (BioMaxMR; Eastman Kodak Company).
The SOD activity gel assay is based on the inhibition of the reduction of nitroblue tetrazolium (NBT) by SOD (70) . Equal amounts of protein (100 μg) from different samples were subjected to 12% native polyacrylamide gels by electrophoresis in nondenaturing running buffer (pH 8.3). For SOD band visualization, after electrophoresis the gel was incubated in 2.43 mM NBT, 28 μM riboflavin-5-phosphate, 28 mM tetramethylethylenediamine, and 0.75 mM NaCN in double distilled H2O for 20 minutes under dark conditions. The gels were illuminated under a fluorescent light until achromatic SOD bands and a satisfactory blue background appeared.
The CAT activity gel assay was carried out as previously described by Sun et al. (71) . Equal amounts of protein (100 μg) from different samples were subjected to 8% native polyacrylamide gels by electrophoresis in nondenaturing running buffer (pH 8.3). For CAT band visualization, after electrophoresis the gel was incubated in 0.003% hydrogen peroxide for 10 minutes and then staining with 2% ferric chloride and 2% potassium ferricyanide until achromatic CAT bands began to form.
Mitochondrial DNA analysis
DNA isolation and PCR amplification. Genomic DNA was isolated from melanoma cell culture specimens of WM35 and WM35 PKB DD using Clontech's NucleoSpin Tissue Kit. In addition, samples of 13 normal melanocytes, 7 melanomas, and 16 melanoma cell lines were analyzed. The entire mtDNA from both cell lines was amplified by 17 pairs of oligonucleotide primers (Sigma-Aldrich), producing 17 overlapping amplicons. PCR reactions were performed in 50-μl volumes containing 10 ng of template DNA; 0.5 μM of the forward and reverse oligonucleotide primers (for complete list of primer pairs, see Supplemental Table 1 of ref. 72); 0.2 mM of each dNTP (New England Biolabs Inc.); 1.5 mM MgCl2; magnesium-free buffer (50 mM KCl and 10 mM Tris-HCl); and 2.5 U Taq DNA polymerase. Each sample was subjected to the following amplification conditions for 32 cycles: an initial denaturation at 95°C for 5 minutes, 45 seconds' denaturation at 95°C, 1 minute at the annealing temperature of 57°C, and elongation at 72°C for 2 minutes. This was followed by a 5-minute final extension at 72°C and subsequent cooling to 4°C. For analysis, 5 μl of each sample was fractionated on a 2% agarose gel with 0.05 μg/ml ethidium bromide. PCR products were directly visualized with UV fluorescence. Of the remaining 45 μl of each PCR product, 22.5 μl was prepared as described below and used for sequencing, while the other 22.5 μl was digested and prepared for TGCE analysis.
TGCE analysis. The 17 PCR amplicons for each of the WM35 and WM35 PKB DD cell lines were subjected to restriction endonuclease digestion as described previously (see Supplemental Table 1 of ref. 72 ). The digested products were visualized by gel electrophoresis on a 2% agarose gel with 0.05 μg/ml ethidium bromide. The intent was to use TGCE as a screening method to detect mtDNA sequence regions that contained nucleotide differences between WM35 cells and WM35 PKB DD cells. Each of the 17 digested PCR amplicons from the WM35 template was mixed with an equal quantity of the corresponding WM35 PKB DD PCR amplicon. In a 10-μl total reaction volume, the samples were initially denatured at 95°C for 3 minutes, followed by annealing via a stepwise reduction in temperature as previously described (72) .
Automated TGCE analysis was carried out using the Reveal Mutation Discovery System (SpectruMedix). This system separated the restriction digests of the 17 amplicons from WM35 and WM35 PKB DD cells into homoduplexes in identical sequence regions and heteroduplexes in sequence regions mutated between the 2 cell lines. The parameters for the thermal ramp, injection, capillary length, and gel formation were as recommended by the manufacturer and have been enumerated previously (72) . The resulting data were analyzed by Revelation Mutation Discovery software (version 2.4; SpectruMedix).
Sequence analysis. Suspected nucleotide changes between WM35 and WM35 PKB DD amplicons identified by TGCE analysis were quantified and clarified by direct sequence analysis. Equal amounts (22.5 μl) of each of the PCR products representing the original 17 overlapping amplicons (undigested) were prepared for sequencing as follows: 0.25 μl exonuclease I, 0.5 μl shrimp alkaline phosphatase (SAP), and 0.25 μl of SAP buffer were added to each of the PCR products, followed by incubation for 30 minutes at 37°C, 30 minutes at 80°C, and cooling to 4°C. The PCR products were then sequenced using an Applied Biosystems 3100 automated DNA sequencer by the chain-termination method.
Computational analyses. The 17 overlapping sequences were used in the manual creation of contigs covering over 98% of the entire mtDNA sequences for WM35 and WM35 PKB DD cells. These 2 complete sequences were aligned with the Revised Cambridge Reference mitochondrial sequence (Mitomap; http://www.mitomap.org) using the MegAlign module of Lasergene software (version 6 for Windows; DNASTAR), with the Clustal V algorithm and the default settings, followed by manual refinement. Mitoanalyzer was used to determine the amino acid changes that accompanied corresponding nucleotide changes between WM35 and WM35 PKB DD . Homologene (http://www.ncbi.nlm.nih.gov/HomoloGene) was used to attain access to homologous eukaryotic sequences for each mitochondrial gene that was found to be affected by nonsynonymous amino acid changes.
These sequences were aligned and analyzed for evolutionary conservation via T-Coffee software (35) . Finally, Pfam (version 16.0; ref. 73 ) domain structures were used to determine the specific domains of the protein's 3-dimensional conformation that are involved in specific amino acid changes.
Immunofluorescence
Cells on glass coverslips were rinsed quickly in ice-cold PBS, fixed in freshly prepared 4% paraformaldehyde in PBS for 10 minutes at room temperature, permeabilized in 0.05% Triton X-100 in PBS for 5 minutes, and rinsed sequentially in PBS, 50 mmol/l NH4Cl, and PBS for 10 minutes each. After incubation for 1 hour in blocking buffer (PBS plus 3% BSA), cells were incubated with primary antibody - goat polyclonal anti-p47phox (sc-7660; Santa Cruz Biotechnology Inc.), rabbit polyclonal anti-p47phox (sc14015; Santa Cruz Biotechnology Inc.), mouse monoclonal anti-p47phox (610354; BD Biosciences), rabbit polyclonal anti-p47phox R360, or mouse monoclonal anti-p47phox 43.12 (both kind gifts of M. Quinn, Montana State University, Bozeman, Montana, USA) - for 1 hour at room temperature, rinsed in PBS/BSA, and then incubated in either FITC-conjugated goat anti-rabbit or goat anti-mouse IgG (Jackson ImmunoResearch Laboratories Inc.) for 1 hour at room temperature. Cells on coverslips were mounted onto glass slides in Vectashield (Vector Laboratories) and examined using the 488-nm line of the argon ion laser with a 515/30 nm band pass filter in the confocal laser scanning imaging system (MRC-1024; Bio-Rad) or using a Zeiss Axioskop microscope equipped with fluorescence optics and an AxioCam CCD camera.
In vivo growth
Control and activated Akt-expressing WM35 cells (1 × 10 6 cells per group) were injected subcutaneously into 5- to 6-week-old male nude mice. Tumor volume was calculated as 0.52(w 2 × l), where w represents the shortest dimension. In addition, pBabe PKB or control pBabe puro was transiently transfected using lipofectamine into WM35 to derive cells that had not been extensively cultured after PKB overexpression. Both vectors encode puromycin resistance, and cells were selected in 2 μg/ml puromycin and pooled 72 hours after transfection. Subsequently, 6 × 10 5 transfected cells were pooled and then injected subcutaneously in the presence of 0.3 ml Matrigel/mouse, as well as an equivalent number of vector control cells.
Statistics
All experiments were performed in triplicate. Statistical analyses were performed by 2-tailed Student's t test for nonpaired samples. A P value less than 0.05 was considered statistically significant.
